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ABSTRACT  
Experiments to determine fluorescence lifetimes and fluorescence quenching 
constants were performed using oligonucleotides of DNA containing PdC, a fluorescent 
analog of cytidine, at five different locations in the i-motif. My experiments were chosen 
in order to better understand the structural characteristics of i-motif DNA, which are 
thought to have biological importance in cancer and drug delivery. Fluorescent lifetime 
experiments were carried out using an ISS K2 fluorescence instrument with a modulated 
LED light source in order to determine if the cytidine bases in DNA replaced by PdC 
were paired or unpaired in the i-motif structure. The resulting data allowed us to relate 
the degree of quenching present at a position to its location in the i-motif. For example, 
the central paired locations in the i-motif stem were quenched the most. My research, 
along with other research performed by members of the Wadkins research team, allowed 
for a determination of the folding pathway of an i-motif structure. Further research into 
this folding pathway could determine specific intermediates in the folding structure of i-
motifs; researchers might then be able to target the intermediates of folding and stop i-
motif formation, thereby preventing cancer growth. 
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1 
Introduction 
 
When most people think of DNA, they think of the double helix that Watson-Crick 
discovered in the mid 20th century, known as B-DNA; however, it has been discovered 
that some forms of DNA are much more complex than this "typical" structure.(1) There 
are conformations of non-B-DNA known as G4s, or G-quadruplexes, and i-motifs (iMs). 
These non-B-DNA forming sequences are of great interest because of their potential for 
genetic instability and linkage to human disease. (2,3,4) These conformations are given 
their names based on the pairings that occur within the structure; G4s are formed by 
guanine-rich strands of DNA while an i-motif is a structure formed by opposite 
orientations of two strands of DNA held together by a protonated C at N3 (the C-C+ base 
pair shown in figure 1), which is stabilized by three hydrogen bonds. (2) Other types of 
non-B- DNA are shown in figure 2. I-motif structures can have one, two, or four DNA 
strands.  The various number and composition of loops plays a crucial role in the 
conformations and stabilities of the i-motif structure. (3)
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Figure 1: “The i-motif structure of C-rich DNA. (A) A C-C+ hydrogen bond that forms 
the basis of the i-motif stability, with the shared proton highlighted in red. (B) An all-
atom molecular model of an i-motif modified from the PDB entry 1YBL (1). The bases 
are color coded for thymine (yellow), cytidine (red), adenine (blue), and the DNA 
phosphate backbone (purple).” Figure taken from reference 5. 
 
 
 
 
 
 
 
Figure 2: Non B -DNA structures shown in 3-D; A. H-DNA is formed from segments 
that have mirror symmetry; more information can be found in reference 6. B. Holliday 
junctions occur during DNA recombination when two double stranded DNA molecules 
cross to exchange information. (7) C. G-Quadruplexes are two to four guanine repeated 
strands stacked on top of each other and coiled; they are usually held together by a 
potassium ion. D. i-motif s range from one to four C rich strands, coiled and held together 
by hydrogen ions. Figure taken from reference 4.  
 
 G4s have been studied significantly more that i-motifs. This can be attributed to 
the fact that the i-motif structure’s role under physiological conditions is hypothetically 
limited due to its strict pH window. (2)  The pKa of iMs are around pH 6.0 in dilute 
buffer condition. (8) It has been discovered that iMs are rarely formed due to the usual 
3 
pH of 7.3 found in the nucleus and the cytosol (8), therefore disallowing the cytosines to 
be protonated and form an i-motif structure (Figure 3).  
 
Figure 3: Slip structure schematic for the C20T mutant of the NHEIII promoter i-motif 
from the MYC gene. The positions of the cytosine analog substitutions are numbered. 
Equilibrium is favored towards the right structure. Cytosines are shown in red. Taken 
from published paper, reference  5.   
 
However, it was discovered that i-motifs could form under less acidic conditions with the 
introduction of a molecular crowding agent, which shifts i-motif pKa to ~7.0. (2,3) Thus, 
if there is more than one repeat of cytosines in a single strand of DNA in vivo, i-motif 
structure formation is possible.  
 iMs are of interest due to their potential presence in the regulatory regions of 
genes and in the promoter regions of many oncogenes. i-motif structures are also being 
examined for diagnostic and therapeutic purposes (8). Recently, variations from typical 
B-DNA have been studied as possible drug vehicles to aid in the delivery of medications 
to cancer cells. i-motifs in particular can be used as a unique drug delivery system by 
using their pH properties to determine where the drug will be delivered. This is 
demonstrated by the idea of a biomaterial delivering to cancer cells that have a low pH; 
the i-motif forms when it reaches an area of low pH so a DNA-based biomaterial can 
alter its conformation to deliver the medicine directly to the region containing cancerous  
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cells, with the intent of less harm to healthy cells. (1)  The i-motif structures are useful 
for this purpose due to their non-toxic composition and their easy biodegradability. The 
newly found biological applications of i-motif structures have created the necessity to 
better understand iMs and their structure. 
 The folding pathway determines the final structure of the i-motif. There is very 
little information collected on the exact pathway that the folding takes, which is of great 
concern. A small number of kinetic studies using NMR have been focused on examining 
the cytosine base pairings in some iMs, but these studies used low temperatures and 
lower than normal pH buffers (0 - 15 °C and ~pH 6.0, respectively). These conditions 
were chosen in order to monitor the folding patterns over relatively long timescales 
(ranging from minutes to hours). Rarely have studies been focused on monitoring the C-
C+ pairing at room temperature (20-25 °C), and at short timescales. Even fewer studies 
have been performed concerning the stabilization of the i-motif structure by hydrogen-
bonding bases and the kinetics behind this process.  Fluorescence quenching experiments, 
focused on the kinetics involved in the C-C+ pairings, allow the folding pathway to be 
easily determined. Knowing the folding pathway will allow a more accurate 
understanding on the use and control of biological and nanomaterials containing iMs.   
  The current studies being performed by the Wadkins research group are focused 
upon a “variant of the C-rich strand of the NHEIII promoter (Sequence 5’-TTC CCC 
ACC CTC CCC ACC CTC CCC A-3’) from the human c-MYC gene, an oncogene that 
can promote tumor development.” (5) The wild type sequence of this gene has been 
thoroughly characterized by Dai et al.,(9) who determined that a complex mixture of i-
motif structures is formed with the wild-type sequence. The above-mentioned study, 
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however, determined that when the last four cytidines were replaced with a single 
adenine and a single mutation of C to T at the sixth base, it produces mostly a single 
species  (known as C20T). The sequence of this single species is: 5'-TTC CCT ACC CTC 
CCC ACC CTA A-3' and can be seen in Figure 2. The thermal stability that is present in 
the wild-type sequence is also present in the C20T version. My study uses the C20T 
mutant strand with labels at five positions, each strand having individual pyrollo-
deoxycytosine (PdC) substitutions. (Four of these substitutions are involved in hydrogen 
bonding; see in Figure 2). It was previously concluded through Wadkins laboratory 
experiments that the "inclusion of fluorescent dC base analogs on DNA does not 
significantly affect DNA structure."(5) This simply means that the addition of the PdC 
base analogs will not affect the DNA sample so much as to cause the results of the 
experiment to be invalid if applied to a biological system. The hydrodynamics of the 
folded i-motif structure and the mechanism of folding were mapped using these specific 
PdC-containing oligonucleotides. 
 
Introduction to Fluorescence  
 My studies in the Wadkins research group used fluorescence to study the lifetimes 
of the PdC analogs contained in i-motifs. A Jablonski diagram (figure 4) describes the 
possible outcomes that occur when a single photon is absorbed by a molecule. The green 
arrows in Figure 4 demonstrate absorbance of a photon and excitation of a molecule into 
a higher energy state. 
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Figure 4: Demonstration of the 3 basic steps of fluorescence: excitation, vibration, and 
emission. S0 is the ground state; S1 and S2 are the first and second excited singlet states, 
respectively. The bold black lines noted by the highest number in each subdivision 
represent the energy maximum of each of the electronic energy states. Figure taken from 
reference 10.  
 
Absorbance occurs when an electron is excited from a lower energy level to a higher 
energy level due to absorption of a photon. After absorbance, there are two possible 
pathways for the electron to move to a lower energy state: vibrational relaxation and 
internal conversion (as seen by the yellow arrows in figure 4). Vibrational relaxation 
occurs when the energy deposited in absorbance is transferred into kinetic energy; this 
process is extremely fast. Internal conversion is possible when the vibrational and 
electronic energy levels are strongly overlapped, thus allowing the electron to transfer it
’s energy into a lower electronic state. Fluorescence occurs when the molecule 
subsequently emits light of longer wavelengths (red arrow in figure 4) after a brief 
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interval, termed the fluorescence lifetime. (11) Fluorescence primarily occurs between 
the first excited electron state and the ground state for any particular molecule because at 
higher excited states it is more likely that energy will be dissipated through internal 
conversion and vibrational relaxation (12) Intersystem crossing is demonstrated by the 
curved arrows on the  edge of the diagram. Intersystem crossing occurs when an electron 
changes energy levels from an excited singlet state to a triplet state, often resulting in 
phosphorescence. (12)  
 
Mathematical Reasoning with Fluorescence Lifetime 
 The fluorescence lifetime is a measure of the amount of time a fluorophore spends 
in the excited state before emitting a photon and, thus, returning to the ground state. (13) 
The following mathematical equations demonstrate how the lifetime can be calculated.  
The numerator of Equation 1 represents the modulation of emission and the denominator 
determines the modulation of excitation. If the lifetime was zero (the red and pink lines 
shown in Figure 5 align perfectly which each other), M, which stands for modulation 
(shown in equation 1) would be close to 1. As the light begins to flicker faster and 
molecules have less time to relax back to ground state, and the red and pink lines begin to 
move out of phase resulting in the modulation ratio, M, getting smaller and smaller. 
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Equation 1 : Modulation ratio equation 
 
After M has been determined, you can then fit the data to Equation 2 to determine τ 
(fluorescence lifetime), where omega is the circular frequency, or the manner in which 
the excitation light is harmonically modulated, as shown in equation 2 (14).   
 
Equation 2 : Lifetime equation 
 
We can also determine the phase angle, or how out of phase the excitation and emission 
signals are (as we open and close the synthesizer quicker and quicker) with Equation 3, 
which relates phase angle (Φ), circular frequency (ω) and lifetime (τ). 
Tan (Φ)=ωτ 
Equation 3: Phase Angle dependence on fluorescence lifetime. 
 
 Equation 4 “indicates that the measurement of the phase delay, Φ, can also be used for 
measurement of the lifetime, τ” where ω represents the circular frequency created by the 
excitation light modulation, and Fo represents the original frequency and F is the 
designation for the current frequency. (14).  
F(t)= Fo[1+Mf sin (ωt + Φ) 
Equation 4 : Relationship between frequency and phase angle 
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Figure 5: Demonstration of how the lifetime of a fluorophore is collected. Figure taken 
from reference 2. 
 
The Wadkins research laboratory is equipped with a K2 multifrequency cross-
correlation phase and modulation flurometer, which is a frequency domain fluorometer as 
opposed to a time domain fluorometer. This fluorometer utilizes the harmonic method, or 
frequency domain method. In this method, the light source is an LED, allowing direct 
electronic modulation. (14) The measurement of fluorescence lifetime is described in 
Figure 5.  If the lifetime was zero, both the red (fluorescent) and blue (excitation) lines 
would be on top of one another; however, once the light begins to flicker on and off faster 
and the molecules do not have time to fluoresce back down to ground state, they stay in 
the excited state and the red line starts to shift. This creates the phase delay, shown as the 
red line. Equations 1-4 show the mathematics that programs such as Vinci (the program 
accompanied with the K2) use to determine fluorescence lifetime(s) from the frequency 
modulation data collected. 
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Research Group Purpose 
 The Wadkins research group is interested in discovering if certain cytidines are 
paired or unpaired in the folded form of an i-motif. PdC was inserted into 5 different 
locations in order compare the different lifetimes or fluorescence intensities.to determine 
whether pairing could be observed through fluorescence. Fluorescence was used due to 
the extreme sensitivity compared to absorption spectroscopy (approximately a 1000-fold 
increase).  This allows researchers to work in the nanomolar range. Research was first 
begun with the fluorescent cytidine analog tC° in different places in the oligos, but when 
the pH was decreased to create the folded i-motif form, it was discovered that the 
fluorescence was quenched with every oligo, no matter where on the strand the tC° was 
located. The hypothesis was that fluorescence would decrease across all strands except 
for the one that is in the loop, which is position 15. The quenching at all the positions was 
puzzling, making it unclear whether the 15-position tC° was , indeed, in the loop. So, a 
new fluorophore, PdC, was incorporated to determine if the experiments would yield the 
same results. PdC was chosen due to its pronounced longer lifetime that occurs when the 
bases are unpaired. In PdC, the fluorescence quantum yield does change a great deal 
between paired and unpaired forms (0.02 in duplex to 0.07 unpaired), but the 
fluorescence lifetime (length of time it stays in the excited state once it absorbs light) 
changes dramatically. Lifetime results would be able to show, more accurately, if the 
bases are paired or unpaired in the i-motif.The information if the bases are paired or 
unpaired, could then be used to determine the folding pattern of the i-motif. In order to 
11 
determine the folding pattern, the pH is changed very fast and to observe the resulting 
fluorescence signal decrease; based on how quickly the signal quenches, researchers can 
see which bases go into position first and which follow. If researchers can identify unique 
intermediate steps, molecules could possibly be developed to trap the complexes or 
inhibit them from forming to make them biologically inactive; this information would be 
useful to the expanding research into certain diseases that may involve i-motifs and the 
genes they regulate 
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Materials and Methods 
Oligos 
 All DNA oligos used were synthesized by Midland Certified Reagent Company, 
Inc. in Midland, Texas. The exact information for each of the strands are given in Table 
1.  
Name 5’-Sequence-3’ 
C20T (Wild Type) TTC CCT ACC CTC CCC ACC CTA A 
PdC-4 TTC XCT ACC CTC CCC ACC CTA A 
PdC-9 TTC CCT ACX CTC CCC ACC CTA A 
PdC-10 TTC CCT ACC XTC CCC ACC CTA A 
PdC-12 TTC CCT ACC CTX CCC ACC CTA A 
PdC-15 TTC CCT ACC CTC CCX ACC CTA A 
 
Table 1: PdC strands used. X denotes the location of the PdC fluorophore 
 
Fluorescence Lifetime Measurements 
The PdC DNA was stored in 10 mM Tris, 1 mM EDTA Buffer (pH 8.0). The buffer was 
made by mixing 1.2 g of Tris base with 0.3 g of EDTA in a 100 mL flask. It was then 
diluted in a 1:10 ratio in order to obtain the final TE buffer solution. Next, the paperwork 
that was provided with the DNA samples was examined in order to determine the amount 
of TE buffer to add to each sample of DNA. For example, if there was 52.5 nmol of 
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PdC12, 52.5 microliters of TE buffer would be added to it to create the DNA solution. 
The exact amounts added are shown in table 2. DNA Amount	  of	  buffer	  solution	  (microliters) PdC4 64.0	   PdC9 60.9 PdC10 61.8 PdC12 52.5	   PdC15	   57.5 
 
Table 2: How DNA solutions of 1 mM were created 
 The above steps created a very small amount of stock sample. In order to obtain 
enough sample to conduct fluorescence experiments, 1mL of TE buffer was added to an 
empty tube along with 5 microliters of the stock DNA sample. To ensure the DNA 
samples fluoresced correctly and adequately, each DNA’s emission spectra were obtained 
first. The TE buffer was used as a measure of background signals.  
After the DNA samples were determined to be adequate, the lifetime experiments 
could be performed. Glycogen and dimethyl POPOP were used as lifetime references; 
glycogen was chosen to ensure the spectrometer was measuring the correct lifetimes (the 
lifetime of glycogen is zero due to the scattering of light that occurs and sends the signal 
directly into the detector), and dimethyl POPOP was chosen due to its similarities in 
excitation and emission wavelength to PdC. Close observation was required to determine 
if the sample intensity was too high. Neutral density filters were used to reduce the 
signals in order to be able to get a correct reading.  Before running each of the lifetime 
experiments, the samples were heated and allowed to cool back down to remove any 
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multimeric species present.The lifetime experiments were conducted with the parameters 
listed in Table 3. 
 Integration	  time 3	  s Start	  	  (frequency) 20	  MHz Stop	  (frequency) 250	  MHz Excitation	  (wavelength) 350	  nm Deleting	  the	  following	  frequencies	  due	  to	  frequency	  synthesizer	  errors 101;107;122.6;130;250	  MHz 
 
Table 3: Experimental perimeters for the ISS K2 Fluorescence lifetime instrument 
 
When first performing the experiment, it was discovered that the lifetime data that 
was being collected was not consistent from run to run or week to week. The light source 
was changed from a Xenon lamp to an LED source to combat this situation. This light 
source was able to provide a more intense and focused beam into the sample and could be 
modulated directly. After installation of the LED was completed, the lifetimes of standard 
dyes were more consistent between runs and samples.  Lifetime experiments were then 
conducted on both the pH 8.0 and pH 5.4 DNA samples. When conducting fluorescence 
experiments, it is at times necessary to delete any problematic frequencies from the data. 
For instance, if there is a sudden change in modulation ratio or phase angle, it is likely  
that the frequency synthesizer is malfunctioning at that specific frequency. If that 
frequency is left in the data set, it will greatly skew the line of best fit, therefore not 
estimating lifetime accurately. 
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Results and Discussion 
Lifetimes 
 Each fluorescence experiment was performed three times for each DNA sample 
(for a total of 15 experimental runs) in order to find an average lifetime for each oligo, 
which are shown in Table 4 and Table 5.  An average must be taken due to the fact that 
the light does not hit the sample in exactly the same manner every run. For instance, the 
cuvettes may be sitting slightly different on each run, or there may be a tiny flicker of 
dust in the machine. Therefore, just one run would not be sufficient to represent the 
sample’s lifetime adequately.
 
 
 
 
 
 
 
Table 4: Lifetimes (τ) found for PdC oligos in pH 5.4 solution
 
 
 
 
  pH 5.4 
Oligo τ (ns) 
PdC-4 2.2 ± 0.1 
PdC-9 2.1 ± 0.1 
PdC-10 2.6 ± 0.1  
PdC-12 2.8 ± 0.1  
PdC-15 3.5 ± 0.1 
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pH 8.0 
 τ1 (ns) f1 τ2 (ns) f2 
PdC4 
5.4 ± 0.1 0.69 ± 0.01 0.5 ± 0.1 0.31 ± 0.01 
PdC9 5.0 ± 0.1 0.52 ± 0.01 0.4 ± 0.1 0.48 ± 0.01 
PdC10 4.4 ± 0.3 0.57 ± 0.06 0.2 ± 0.1 0.43 ± 0.05 
PdC12 
4.7 ± 0.1 0.64 ± 0.03 0.3 ± 0.1 0.36 ± 0.03 
PdC15 4.9 ± 0.1 0.64 ± 0.01 0.3 ± 0.1 0.36 ± 0.01 
 
Table 5: Lifetimes (τ) found for PdC oligos in pH 8.0 solution and their fractional 
contribution (f) of each  
 
The flurophore was put into five different positions in the DNA. In the pH 8.0 
experiments, we found that there was not much correlation between location of the 
flurophore and lifetime length. In other words, no matter where the fluorophore was 
located in the sample structure, the lifetimes only wavered a small amount. We could also 
tell from the large lifetimes across all substitutions, that the i-motif was unfolded in the 
basic solution. However, in the folded form, (the DNA in the pH 5.4 solution) the data 
was much different. From the data found in Tables 4 and 5, it can also be seen that the 
samples at pH 5.4 have only one lifetime while the samples at pH 8.0 have two lifetimes; 
this is hypothesized to be caused by the folded structure in the pH 5.4 sample. The 
molecule is more tightly folded, or guarded, when in the presence of pH 5.4 (acidic) 
solution.
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Figure 6: pH 5.4 PdC 9 lifetime data 
Figure 6 is a direct representation of the data obtained from a fluorescence 
lifetime run. The red line represents the modulation frequency in Megahertz while the 
blue line represents the phase delay. The Vinci software comes equipped with a program 
to better fit the data based on the lifetimes; however, due to compatibility, the exact 
figure could not be transferred. The PdCs in the tightly folded structure behaved true to 
the hypothesis—they closely resembled when cytosine and guanine pair; the lifetime is 
much smaller, or decreases, compared to the unfolded, unpaired basic solution.  
The higher pH 8.0 allows the molecule to open up and the solvent can reach bases in the 
DNA more easily, thereby allowing the molecule to exhibit two lifetime measurements, 
depending on whether the PdC was protected from solvent or not due to thermal 
fluctuations. When beginning the experiment, we expected to find that the PdC 15 at pH 
18 
5.4 would have a lifetime much larger than the other strands in the same solution. We 
hypothesized this would happen due to the fact that it was in a loop and unpaired to 
another dC. Through careful examination of table 4, one can see that the lifetime of the 
15th position in the acidic form is over 0.7 nanoseconds longer than the rest of the strands; 
a difference of magnitude this size in fluorescence spectroscopy is very significant. From 
the distinct differences present in the PdC experiments, it was determined that the tCo 
quenching results determined previously by the Wadkins lab could be used to determine 
if the i-motif is folded or unfolded, but the lifetime results could not be used to determine 
if a specific tCo is intercalated or in a loop. (17)  
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Conclusions 
From the data collected above, we were able to confirm that the 15th position was 
not paired in the folded form through comparison with the other position’s shorter 
lifetimes. PdC at the 15th position in acidic solution more closely resembles the pH 8.0 
experimental runs (a much longer lifetime) than those of the other positions. We were 
also able to correlate the degree of quenching to where in the i-motif the flurophore is 
located. Fluorophores in the middle were found to be quenched the most, those on the 
edges were quenched less, and those found in loop were quenched least. The data 
collected from the PdC experiments, when compared with the tCo experiments, led us to 
confirm that PdC lifetime experiments can monitor individual residues present in an i-
motif structure. From this information, as well as the information collected by Dr. 
Samantha Reilly, the Wadkins research team was able to determine the folding pathway 
of the C20T oligos. Figure 5 and the resulting explanation below was taken from the 
paper “Folding and Hydrodynamics of a DNA i-motif from the c-MYC Promoter 
Determined By Fluorescent Cytidine Analogs” published in the Biophysical Journal on 
October 7, 2014 by Dr. Samantha Reilly and Dr. Randy Wadkins and colleagues, 
including me as a co-author. (5) 
This information will be further used to research a method to pause the formation 
of the i-motif before certain intermediates associated with cancer forms. The information 
could theoretically be further used to target i-motifs involved in unregulated cell growth, 
which is the hallmark of cancer. Our overall studies allowed for the expansion of 
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knowledge of i-motifs and how they are formed, which may be helpful “in improving bio- 
and nanomaterial applications that utilize iMs, as well as helping to better understand i-
motif formation under in vivo conditions” (17).  
 
 
Figure 7: The folding mechanism for the C20T i-motif based on CD (top; black arrows) 
and fluorescence quenching data (bottom; blue arrows). Average rate constants for each 
step in the mechanism are given above the arrows. The color-coding of residues and their 
hydrogen bonds are green for tC°4, red for tC°9, orange for tC°10, pink for tC°12, and 
navy for tC°15. Taken from reference 5.
21 
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